Abstract When muscle fibres isolated from the frog's semitendinosus are placed in a calcium-free, bicarbonate buffered Ringer's solution the twitch declines in an irregular stepwise fashion and disappears usually within 1 to 9 min. There is often an initial period of twitch potentiation when the fibres are exposed to 0-Ca2 + . Although considerably shorter than the time in 0-Ca2 + required to deplete intracellular calcium stores, the time required to eliminate the twitch is longer than estimates of the minimum time required to remove calcium from the fluid in the t-tubular network by free diffusion. When the calcium concentration was only partially reduced the twitch was potentiated at concentrations between 10 and 50 % of the usual concentration in Ringer's. At lower calcium concentrations the potentiation is followed by a reduction, and in some fibres the twitch was eliminated without completely removing the calcium ions from the bathing solution. The results support the hypothesis that there is a store of calcium ions bound to the t-tubular membranes ("trigger calcium") which is required for excitation-contraction coupling during the twitch.
When isolated frog's skeletal muscle fibres are placed in a calcium-free Ringer's solution, the twitch response to single electrical stimuli decreases in an irregular stepwise manner and usually disappears in less than 10 min (OoTA et al., 1976; FRANK, 1978a, b) . This time for twitch loss is longer than required for removal of extracellular calcium ions but much quicker than required for an effective reduction in intracellular calcium stores which takes several hours in calcium-free solutions (GILBERT and FENN, 1957; FRANK, 1962; KIBBY et al., 1975) . It has been shown also, that the large depolarizations in calcium-free solutions reported by some but not all workers, are artifacts caused by inserting microelectrodes into muscle fibre membranes made more susceptible to damage by the calcium-free solution (FRANK and INOUE, 1973) . In any event, large depolarizations even when reported, only appear after 10 min or more in a calcium-free solution.
These findings support the trigger calcium hypothesis for excitation contraction (e-c) coupling in skeletal muscle which was based on earlier findings with twitches and contractures (see FRANK, 1980 , for a detailed discussion).
The loss of the twitch response in a calcium-free solution can be antagonized by the addition of many chemicals to the Ringer's solution thereby masking the role of calcium in e-c coupling. Thus it was found many years ago that the addition of any one of a large number of di-or trivalent cations to calcium-free Ringer's would restore potassium-induced contractures and delay the elimination of those contractures by calcium removal for 3 or 4 hr (FRANK, 1962) . A similar antagonism to the twitch loss in 0 calcium is produced by divalent cations including Mg"- (FRANK, 1978a; FRANK and TREFFERS, 1978) .
The loss of the twitch in 0 calcium also is antagonized by the use of a phosphate rather than a bicarbonate buffer in the Ringer's solution (FRANK, 1978a, b ; CAPUTO and GIMENEZ, 1967; ARMSTRONG et al., 1972) . A particularly effective way of preventing the twitch loss in 0-Ca2 + solutions is by using a Ringer's solution with an organic buffer also containing 3 or more mm Mg2 + (LUTTGAU and SPIECKER, 1979) . By blocking the rapid effects of calcium removal these additions to or alterations of the frog's Ringer's solution make it impossible to investigate properly the role of calcium in e-c coupling.
The present study was designed as a detailed investigation of the loss of the twitch response in isolated skeletal muscle fibres in a calcium-free Ringer's solution which permits and promotes the rapid loss of the twitch. steps to find the length that resulted in the largest amplitude twitch. With these settings the preparation was then stimulated once every 10 sec throughout the experiment which usually lasted 3 to 5 hr. When the twitches were greatly reduced or eliminated during a test with reduced calcium, the stimulus voltage was increased 50 to 100 % to confirm that the twitch tension reduction was not due to an increase in threshold.
MATERIALS AND METHODS

Preparations
The twitches recorded using the RCA 5734 tube were displayed on a Tektronix 502A oscilloscope and recorded photographically. The twitch heights measured from the photographic records were used to construct the records shown in Figs. 1 and 6.
Electron microscope preparation. Extensor longus digiti IV (toe) muscles from R. pipiens were fixed in 5 % glutaraldehyde and post fixed with 1 % osmium tetroxide, after dehydration and embedding in Epon 812 they were sectioned perpendicular to the long axis of the muscles and examined and photographs taken using an AEI Corinth 275 electron microscope. For further details see FRANK and TREFFERS (1977) .
Measurement of Ca2+ concentrations in calcium free and low calcium solutions. For this measurement, the calorimetric determination procedures described by WILLIAM and WILSON (1961) , using glyoxal bis(2-hydroxyanil) (Fisher Scientific Co.) was employed. Doubly distilled and deionized water was used for all solutions, blanks, and standards. Fresh solutions and a standard curve of absorbency vs. calcium concentration were prepared each day. Absorbency measurements were made with a Spectronic 20 Colorimeter (Bausch and Lomb).
Solutions. The composition of the bicarbonate-buffered Ringer's solution used in experiments with R. pipiens was (in mm): NaCl, 111.8; KC1, 2.47; CaC12, 1.08; NaHCO3, 2.38; NaH2PO4, 0.087; and dextrose, 11.1. This solution also included d-tubocurarine, 10-4 g/ml. In 0-Ca2 + solutions the CaC12 was omitted. The solutions for R. temporaria differed only in that the CaCl2 concentration was always 1.8 mm (or 0 in 0-Ca2+ solutions). The pH of all solutions was adjusted to 7.4.
RESULTS
Loss of the twitch in a 0-Ca2+ solution As reported previously (FRANK, 1978a, b ) the twitch of isolated frog's semitendinosus fibres can be eliminated rapidly by placing the fibres in a 0-Ca2 +, bicarbonate-buffered Ringer's solution. In most preparations the twitch was gone in less than 10 min in the 0-Ca2+ solution. The effects obtained in three separate experiments, each with a single, isolated fibre, are shown in Fig. 1 .
When placed in the 0-Ca2 + solution there was usually ( Fig. 1 A and B ) but not always (Fig. 1C ) an immediate increase in the twitch height. In some experiments the potentiated twitch was followed by an after-discharge contraction and Vol.32, No.4, 1982 very rarely a tetanic-like response was produced by a single stimulus (Fig. 4) . The after-discharge or tetanus produced by a single stimulus always lasted less than 10 sec (the inter-stimulus interval). This period of hyperexcitability and twitch potentiation when it occurred lasted less than 2 min.
As illustrated in Fig. 1 , the twitch did not disappear in an "all-or-nothing" manner even with single fibre preparations. For example, in the experiment shown in Fig. 1C , the twitch in 0-Ca2 + remained at control height for 8 min and then disappeared in two large steps. In Fig. 1B , except for the initial period of twitch potentiation, the twitch very gradually declined for 6 min and then abruptly disappeared in two steps. In Fig. 1A , both large and small reductions in the twitch tension occurred as the twitch was eliminated.
Restoration of the twitch after placing calcium in the bath solution always occurred rapidly ; usually within 10 sec. The tension of the first few twitches recorded were from 50 to 80 % of the control and thereafter the twitch height increased slowly back to control size. Effect of exposing isolated muscle fibre preparations to 0-Ca2 + for 10 min or less on the twitch tension.
On inated in many of these preparations if the 0-Ca2 + exposure had continued for a full 10 min. The shortest times for the elimination of the twitch were 80 sec for an isolated fibre preparation from R. temporaria, and 35, 50, 50, and 60 sec for preparations from R. pipiens. In all other experiments it required 90 sec or more in 0-Ca2+ solutions to eliminate the twitch in isolated fibre preparations.
From the results presented in Fig. 2 it can be seen that the effect on the twitch produced by a 10 min or less exposure to 0-Ca2+ was independent of the number of fibres (1 to 3) in the preparation and independent of the length of the t-tubular diffusion path length which is approximately proportional to the fibre size (see APPENDIX B). This independence from the t-tubular diffusion path length is shown more clearly when the time required for elimination of the twitch (when it occurred in 10 min or less) is plotted against the length of t-tubule per surface opening (Fig.  3 ). These results show that the loss of the twitch was not the simple, direct result of the diffusion of Ca2+ ions out of the t-tubules of the fibres. There was also a tendency for the twitch to be eliminated more rapidly upon repeated testing with O-Ca2 + solutions (Fig.2A vs. B, and 2C vs. D) . However, in 8 of these 55 experiments the twitch was more resistant to depression by exposure to 0-Ca2+ in the later tests. These observations also support the above sugges- diffusion times out of the t-tubules which are based mainly upon empirical evidence rather than upon hypothetical assumptions about the nature and structure of the diffusion pathway in the t-tubules, are the best estimates available to us at present and are likely to be very close to the real values.
Twitch potentiation at the start of the exposure 0-Ca2+ As already mentioned and as reported previously by other workers (CAPUTO and GIMENEZ, 1967; SANDOW et al., 1975) there was usually an initial phase of twitch potentiation and hyperexcitability when the isolated muscle fibres were exposed to the 0-Ca2 + solution. On photographic recordings from the oscilloscope, potentiated twitches ( Fig.4A4 and 4B2 ) were easily distinguished from the summated contractions produced by after-discharges even when both followed a single stimulus (Fig. 4A2, 4A3 , and 4A5). Only very rarely did the after-discharge response blend with the initial twitch to produce a smooth tetanic contraction and then the tension was several times the twitch tension.
It also was easy to distinguish potentiated twitches from a summated response produced by two stimuli (Fig. 5) . As shown in this figure, when the start of two 3 msec, supramaximal stimulus pulses were 5 msec apart, the second stimulus fell within the absolute refractory period of the first response and a simple, single twitch was produced (Fig. 5H) . When the start of the two stimulus pulses were 6 msec apart, a summated response was produced (Fig. 5G ) with a maximum tension 1.67 times the tension of the simple twitch. This was considerably greater than any potentiated twitch observed (Figs. 1, 6 , 7, and 8). The maximum tension of the summated response to two stimuli was unchanged with stimulus separations up to 50 msec and only decreased to 1.60 times control at a 60 msec pulse separation (Fig. 5A) . The time required to reach maximum tension from the start of the twitch increased from 36.1 msec in the simple twitch (Fig. 5H) to 47.5 msec in a summated response (Fig. 5E, F , and G). This was a major distinguishing feature between summated and potentiated twitches because in the latter, the time to reach maximum tension was unchanged or decreased. For example, in the twitches shown in Fig. 4 it decreased from 34.2 (Al) to 28.5 msec (A4 and A5), and from 28.5 (B1) to 20.9 msec in (B2). In records drawn from measurements made from oscilloscope recordings, dots have been placed above tetanic and after-discharge contractions (e.g. Figs. 1B, 6B and C) to distinguish them from potentiated twitches.
Twitch potentiation and reduction produced by partial decreases in the extracellular Ca2 + concentration When the isolated muscle fibres are placed in a Ringer's solution with the calcium reduced from its usual concentration (i.e.: 1.8 mm for R. temporaria or 1.08 mm for R. pipiens) their twitches are usually potentiated (Fig. 6) . This potentiation reaches a maximum with about a 50 % reduction in the calcium concentration. When the Ca2 + concentration is further reduced to about 5 to 10% of the usual concentration, the initial twitch potentiation is often followed by a The maximum tensions of afterdischarge responses are not recorded but are indicated by a dot over the record. Where there is break in these records the tension of the initial twitch is recorded below the break.
reduction of the twitch tension (Fig. 6C) .
The results of 11 measurements in 6 isolated fibre preparations from R. temporaria are plotted in Fig. 7 and of 53 measurements in 25 preparations from R. pipiens are plotted in Fig. 8 . The main difference between the two species (Figs. 7 and 8) is that the twitch tension in fibres from R. temporaria is depressed at higher extracellular calcium concentrations. Despite considerable variability, there appears to be a plateau of maximum twitch potentiation with calcium concentrations between 10 and 50 % of the usual Ca2 + concentrations in Ringer's solution. At 0.18 mm Ca2 + or less with R. temporaria fibres, or 0.054 mm Ca2 + or less with R. pipiens fibres, the twitch in some of the fibres remains potentiated but in others the potentiation is followed by a large depression (Fig. 6C) . Thus the Vol.32, No.4, 1982 Fig. 7. Relation between the extracellular calcium concentration and the twitch tension in isolated fibre preparations from R. temporaria. Symbols represent final tensions recorded in 11 tests with 6 isolated fibre preparations. On the right the curve drawn in by eye ends at the control of 100 % tension at 1.8 mm Ca2 + . On the right the curve drawn in by eye ends at the control of 100 % tension at 1.08 mm Ca2 + . twitch tension can be greatly reduced and in some fibres the twitch can be eliminated without completely removing the calcium ions from the solutions bathing the fibres.
DISCUSSION
The present study of the effects of reducing the extracellular calcium concentration on the twitch in frog's skeletal muscle fibres under conditions which do not obscure the role of calcium ions in e-c coupling has revealed some interesting features of this role. The two most important of these features are : 1) that the diffusion of calcium ions out of the t-tubules does not seem to be the rate limiting step in the loss of the twitch in a calcium-free solution, and 2) that the twitch can be reduced in size and in some cases eliminated without reducing the extracellular calcium concentration to 0 (Figs. 7 and 8) .
In an early study of this problem (FRANK, 1960) it was demonstrated that the diffusion of Ca2 + ions out of the extracellular spaces of the muscle was the rate limiting step in the elimination of the K+ -induced contracture in a calcium-free solution. Since in most toe muscles this took from 10 to 20 min, the more rapid effects observed in the present study using isolated fibres are consistent with this earlier conclusion. Nevertheless, as the results in the present study show, the twitch is not eliminated as soon as the Ca2 + concentration in the solution surrounding the surface membranes (which includes the t-tubular membranes) of the fibres is reduced to 0. If this were case, then the time in 0-Ca2 + required to eliminate the twitch should be determined by the time required for the free diffusion of Ca2 + ions out of the t-tubules of the fibres. However, it must be concluded from the results in the present study that this is not the case. This conclusion is supported most strongly by the demonstrated lack of a relation between the size (length) of the t-tubular network and the time required to eliminate the twitch (Fig. 3) .
There is no reason to think that repeated testing with 0-Ca2 + solutions should reduce the volume or length of the t-tubular network. Nevertheless it was often found that repeated testing accelerated the loss of the twitch in 0-Ca2+ (Fig. 2) . This observation again indicates that simple diffusion of Ca2 + ions out of the tubules does not determine the time required for twitch elimination. The addition of 1 mm EDTA to Ca2 + -free solutions greatly accelerated the loss of K+ contractures in toe muscles (FRANK, 1960) but had only variable effects on the twitch loss in the present study. Finally the ability of several divalent cations or the use of a phosphate instead of a bicarbonate buffer to delay the loss of the twitch for 30 min or more (FRANK, 1978a, b; FRANK and TREFFERS, 1978; CAPUTO and GIMENEZ, 1967; ARMSTRONG et al., 1972; LUTTGAU and SPIECKER, 1979) again indicates that the time required for loss of the twitch is not determined by simple diffusion processes.
Since the functional integrity of the t-tubular network is required for e-c coupling EISENBERG, 1967, 1969; HOWELL, 1969) , the removal of Ca2+ from the t-tubules by diffusion is presumably the first step necessary in the sequence of events that eliminates the twitch in 0-Ca2 + . However, as indicated by the estimates given in RESULTS, the estimated minimum time required for Ca2 + removal by free diffusion from the t-tubules when the fibres are placed in 0-Ca2 + should take only a few sec (from 15.1 to 44.5 sec in the fibres used in this study) but the twitch loss usually took several min (Fig. 3) . On the other hand these results are in agreement with the "trigger calcium" hypothesis which proposes that there are Ca2+ ions bound to the t-tubular membrane (trigger calcium) which play an essential role in e-c coupling. This mechanism which is described and discussed in detail elsewhere (FRANK, 1979 (FRANK, , 1980 proposes that depolarization of the t-tubular membrane causes the release of trigger Ca2 + into the triadic junction. These Ca2+ ions then diffuse across the junction to unite with the terminal cisterna of the sarcoplasmic reticulum thereby triggering the release of a large quantity of Ca2 + ions into the sarcoplasm which then unite with the contractile proteins to initiate a mechanical response.
From the results in the present study, the steps in the loss of the twitch in 0-Ca2 + can be described as follows : When the fibre is placed in the calcium-free solution the Ca2 + ions diffuse out of the t-tubules reducing the tubular calcium concentration to zero within a few sec. This is followed by a longer time interval (usually 1 to 9 additional min) during which the amount of trigger Ca2 + bound to the tubular membranes is reduced to a very low level but probably not to 0 (Figs. 7 and 8 ) by the release of calcium from the membrane into the fluid in the t-tubules. Since after the initial 15 to 45 sec in 0-Ca2 + there would be little or no Ca2 + in the t-tubular lumen, any Ca2 + ions released into the t-bubular fluid should diffuse out of the t-tubules very rapidly. Thus the main determinant of the time required for reduction of the trigger calcium store thereby causing twitch elimination, would appear to be the affinity (or binding strength) of the t-tubular membrane for Ca2 + ions. As would be expected, this affinity should be independent of the size of the t-tubular network and so therefore should the time for twitch loss (Figs. 2 and 3) . Further, in contrast to a simple diffusion mechanism, it is conceivable that this affinity could change with repeated tests with 0-Ca2 + solutions (Fig. 2) . It is also likely that the divalent cations or the phosphate anions which delay the twitch loss in 0-Ca2 + have this effect by increasing the t-tubular membrane affinity for trigger calcium.
The rapid return of the twitch, after it is lost in 0-Ca2 + , produced by restoring calcium to the bathing solution (Fig. 1 ) is in agreement with the estimates above that the free diffusion times for calcium out of, and therefore into, the t-tubules should be very rapid (i.e. in our fibres 15.1 to 44.5 sec to reach completion). In almost all the tests in this study, the twitch recovered to 50 to 80 % of control in less than 10 to 20 sec.
Recently it has been reported that K+-contractures in these isolated fibres in contrast to twitches are eliminated in a few sec in calcium-free solutions (FRANK, membranes. These ions are thought to be in rapid equilibrium with the Ca2+-ion concentration in the t-tubular field. Thus as Ca2 + ions leave the t-tubules into the surrounding 0-Ca2+ solution, these extracellularly oriented, surface bound Ca2+ ions would be released into the t-tubular fluid thereby slowing down the decrease in the Ca2 + ion concentration in the tubular fluid. Provided there was a sufficiently large store of such surface bound Ca2 + ions, they might slow down the decrease in t-tubular Ca2 + concentration enough to account for the excess time required for the elimination of the twitch in 0-Ca2 + over the minimum time required for the free diffusion of Ca2+ ions out of the t-tubules discussed above. If this were the case then the Ca2 + ions in the t-tubular fluid could serve as the "trigger Ca2+" ions rather than Ca2+ ions bound to the intracellular surface of the t-tubular membranes (FRANK, 1980) . There are several factors which make this seem an unlikely or unacceptable explanation of the events occurring during the twitch of frog's skeletal muscle fibres. Some of these factors already mentioned are one, the lack of a relationship between the t-tubular length per surface opening and the time in 0-Ca2 + needed for twitch elimination and an other, the inability of EDTA to consistently accelerate the twitch loss in 0-Ca2 +. The latter is particularly important because if release of surface bound Ca2 + is preventing the free Ca2 + concentration in the tubular fluid from being rapidly reduced to 0 by free diffusion, then the EDTA diffusing into the tubules would chelate any Ca2 + released into the tubular fluid from the binding sites and should dramatically accelerate the loss of the twitch response.
The recent findings that in these isolated fibre preparations K+-induced contractures are eliminated in a few sec whereas the twitch in the same fibres takes several min to be eliminated in 0-Ca2 + solutions (FRANK, 1981 (FRANK, , 1982 , also suggests that depolarization contractures require extracellular Ca2 + ions for e-c coupling whereas twitches can utilize trigger Ca2 + ions bound to the intracellular surfaces of the t-tubular membrane for coupling. If this were not the case we would have to explain how the slowing down of the decrease in the free Ca2 + ion concentration in the t-tubular fluid could slow down the loss of the twitch but not the contracture. The only way that this could occur would be if under equilibrium conditions the K+ -contracture is eliminated at a higher extracellular free Ca2 + ion concentration. If this were the case, then a small increase of t-tubular fluid Ca2 + concentration above 0 due to Ca2 + ions corning from t-tubular binding sites might maintain the twitch for a few min in 0-Ca2 + but not the K+ -contracture. However when frog's skeletal muscles are equilibrated with reduced extracellular Ca2+ concentrations, the minimum Ca2 + concentration required to support a small K+ -con- Prior to placing the isolated fibres in the experimental bath, they were examined under a monocular microscope and a minimum and a maximum diameter was measured on each fibre using an eyepiece micrometer. From these measurements it was necessary to estimate A and P for each fibre.
In order to decide on the optimal calculations to make these estimates, measurements were made using enlargements of electron microscope photographs of the cross-sections of 3 toe muscles. For each of the 185 muscle fibres in these three toe muscles, the minimum diameter, the maximum diameter and the perimeter (P) was measured with a ruler, and the area (A) was measured with a planimeter. The two measured diameters were used to calculate A and P for each fibre according to the three following assumptions : 1) assuming a circular cross-section for the fibre and using only the largest diameter, 2) also assuming a circular cross-section but using the mean of the two diameters, and 3) assuming an elliptical cross-section and using the larger measured diameters for the major fibre diameter and the smaller for the minor diameter. Means of the calculated values for each muscle and for each assumption were calculated and compared to the means of the actual measurements for each muscle. In addition for one of the muscles (Muscle 218) the values were recalculated assuming a 10 % measurement error for each diameter (i.e.-10 % for the larger diameter and +10 % for the smaller). The results thus obtained are presented in Table 1 .
It is clear that in every case the most reliable estimate for A or P was calculated from the diameters using assumption 3. Thus using assumption 3, the calculated areas and perimeters in all three muscles were less than 2 % different from the measured values and even assuming a 10 % measurement error the calculated area 
